Three mutants of the crucifer Arabidopsis thaliana (Linnaeus) Heynhold were isolated that are completely lacking in activity catalyzed by serine-glyoxylate aminotransferase (EC 2.6.1.45), a peroxisomal enzyme involved in photorespiratory carbon metabolism. These mutants were viable and exhibited normal photosynthesis under conditions that suppressed photorespiration, but they were inviable and photosynthesized at greatly reduced rates under conditions that promoted photorespiration. The publication costs of this article were defrayed in part by page charge payment. This article must therefore he hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact.
exhibited normal photosynthesis under conditions that suppressed photorespiration, but they were inviable and photosynthesized at greatly reduced rates under conditions that promoted photorespiration. Serine and glycine accumulated as end products of photosynthesis in the mutants, mostly at the expense of starch and sucrose. The mutants are allelic, and the segregation patterns of plant viability, photosynthetic activity, and enzyme activity in the F1 and F2 generations indicated that all the observed effects were caused by a single recessive nuclear mutation. This conclusion was confirmed by the isolation of seven revertants in which viability, photosynthetic capacity, and enzyme activity were simultaneously restored. Mutants of the type described here, in which photorespiration is changed from a merely wasteful process into one that is lethal, may permit the direct selection of secondary mutations that reduce photorespiration. Control of photorespiration, an energy-wasting process that characterizes C3 plant species, represents in principle a major contribution to increased crop productivity. Net photosynthetic CO2 fixation is increased by about 45% in C3 plants when photorespiration is inhibited by reducing the 02 concentration around the leaf from 21 to 1% 02 (1, 2). The key to reducing photorespiration is to prevent the initial reaction, oxygenation of ribulose-1,5-bisphosphate (RuP2). This oxygenation is catalyzed by the bifunctional enzyme RuP2 carboxylase-oxygenase (EC 4.1.1.39) (3) , which also catalyzes RuP2 carboxylation, the first reaction in C3 photosynthesis. CO2 and 02 are mutually competitive substrates in these reactions (4) . Thus if photorespiration is to be reduced it is necessary to alter the enzyme so that the carboxylation-to-oxygenation ratio is increased under normal atmospheric conditions (5) .
In order to pursue this problem systematically, we have devised a two-step strategy for the recovery of plants with reduced RuP2 oxygenase activity. First, the plant is genetically altered so that the presence of RuP2 oxygenase activity is a lethal character when the plant is grown in air. Then revertants that grow normally in air are selected. Such revertants may have reduced RuP2 oxygenase activity because of secondary mutations that alleviate the effects of the first mutation. An advantage of this procedure over one previously employed (6) seven plants were green and had developed beyond the cotyledon stage. Enzyme assays were performed on extracts of sigle leaves of these surviving M2 plants, which were subsequently brought to maturity.
Aminotransferase activity was assayed on dialyzed extracts of leaf tissue by determining the rate of glycine formation from ['4C]glyoxylate (10 
RESULTS
Analysis of photosynthetic products P-glycolate, a product of RuP2 oxygenase activity (3, 11) , is metabolized through the photorespiratory pathway in a series of reactions described by Tolbert (12) . In this pathway the carbon flows sequentially through glycolate, glyoxylate, glycine, serine, hydroxypyruvate, glycerate, and 3-P-glycerate, where it reenters the Calvin cycle. Photorespiratory CO2 is evolved in the glycine-to-serine conversion. These reactions are carried out in three separate organelles; the chloroplast, which contains RuP2 oxygenase, P-glycolate phosphatase, and glycerate kinase; the peroxisome, which contains glycolate oxidase, glutamateglyoxylate aminotransferase, serine-glyoxylate aminotransferase, and hydroxypyruvate reductase; and the mitochondrion, where the synthesis of serine from glycine occurs.
Intermediate compounds of the photorespiratory pathway are rapidly labeled during photosynthesis in 14CO2, so preliminary characterization of the 40 photorespiration mutants that have been isolated (8) was conveniently accomplished by analyzing the products of 10 min of photosynthesis in the presence of 14CO2. One distinct class of mutants, represented by strains CS51, CS108, and CS117, was characterized by a relatively large accumulation of 14C in serine and glycine ( Table  1) . The increased labeling of these photorespiratory intermediates was accompanied by a corresponding decrease in the proportion of label found in the neutral fraction (primarily sucrose) and the insoluble fraction (starch). There was no major change in the acid-1 fraction (organic acids and sugar monophosphates) or the acid-3 fraction (sugar bisphosphates). Label in the aeid-2 fraction (primarily 3-P-glycerate) was somewhat lower in the mutants. Enzyme analysis Because photorespiration is the major source of serine and glycine in photosynthesizing tissue (13, 14) , the labeling pattern in the mutants suggested a block in the photorespiratory pathway immediately after serine, in a reaction that is catalyzed by the peroxisomal enzyme serine-glyoxylate aminotransferase (10) . Analysis of leaf extracts indicated that the three mutants were totally devoid of this activity ( Table 2 ). The sensitive assay procedure used will detect less than 0.5% of the wild-type activity.
The normal amount of glutamate-glyoxylate and alanineglyoxylate aminotransferase activities in the mutant extracts (Table 2) indicates that the peroxisomal enzymes were recovered to a similar extent in all leaf extracts. The lack of serineglyoxylate aminotransferase activity in the mutants was not due to the presence of an inhibitor, because mixing of mutant and wild-type extracts gave an additive level of activity (Table  2) . Genetic analysis A genetic basis for the mutant phenotype was established by examining the progeny of various crosses between wild-type and mutant plants. The F1 progeny of reciprocal crosses between wild type and mutants were phenotypically wild type, suggesting that the phenotype was due to a recessive nuclear mutation. This interpretation was confirmed by finding a 3:1 segregation pattern in an F2 population of a wild-type X CS51 cross. Of 1411 F2 progeny examined, 1047 survived in air and were indistinguishable from the wild type, while 364 did not survive in air (X2 = 0.5, P > 0.5 that the observed deviation from 3:1 could occur by chance). Leaf extracts of the F1 progeny contained about 50% of wild type serine-glyoxylate aminotransferase activity ( Table 2 ). The intermediate level of enzyme activity in the heterozygotes is most simply explained on the basis that the mutants produced a defective enzyme. provides definitive evidence that the two traits are causally related. The absence of any other types of revertants suggests that there are a limited number of ways to genetically alleviate the effects of the sat mutation. Gas exchange analysis The effect of the sat mutation on net photosynthetic CO2 uptake by wild type and strain CS51 is shown in Fig. 1 . Under conditions that restricted carbon flow through the glycolate pathway (350,gl of CO2 per liter/29 02), the mutant exhibited normal photosynthesis (Fig. 1A) . In contrast, photosynthesis in the mutant was greatly reduced, compared to the wild type, under conditions that promoted photorespiration (398 Al of CO2 per liter/50% 02) (Fig. 1B) . The initial photosynthesis rate in the mutant was similar to that of the wild type, but after 2 or 3 min the rate slowed and gradually declined over a 30-min period to about 20% of-the wild-type rate. This reduced rate was maintained for at least 1 hr. Longer periods of time were not examined. The photosynthesis response of strains CS108 and CS117 was virtually identical to that of CS51. Thus, like the P-glycolate phosphatase-deficient (pcoA) mutant reported earlier (8), the sat mutants showed a greatly increased sensitivity to 02. However, the 02 response of the two mutant types is not identical in that photosynthesis in the pcoA mutant was completely inhibited after 10 min in 21% 02.
The pattern of CO2 evolution into a C02-free gas stream immediately after a period of rapid photosynthesis (350 Ml of CO2 per liter/2% 02) is shown in Fig. 2 . In both 2% 02 ( Fig. 2A ) and 50% 02 (Fig. 2B) the response of the mutant was qualitatively the same as that of the wild type. In 50% 02, after the initial CO2 burst that occurs on switching from photosynthetic to photorespiratory conditions, the rate of CO2 evolution in the mutant was about two-thirds that of the wild type. Similarly, in the mutant, the magnitude of the CO2 postillumination burst in 50% 02, an indicator of photorespiratory activity (1) , was also about two-thirds of that in the wild type (Fig.-2B) . The The inviability and poor photosynthetic performance of the sat mutants is consistent with the hypothesis, based on experiments with specific inhibitors of the photorespiratory pathway (7) and the properties of a P-glycolate phosphatase-deficient Arabidopsis mutant (8) , that once carbon enters the photorespiratory pathway the bulk of it must be returned to the Calvin cycle if normal photosynthesis rates are to be maintained.
Although it is evident that the sat mutation is deleterious to photosynthesis in air, the data do not permit a definitive explanation for the mechanism of the inhibition. From similar effects of the photorespiration inhibitors butyl hydroxybutynoate and isonicotinic acid hydrazide on photosynthesis in isolated soybean leaf cells (7), it was concluded that lack of recycling of photorespiratory carbon reduced the level of Calvin cycle intermediates. Analysis of photosynthetic products of the serine-glyoxylate aminotransferase mutants CS51 and CS117 showed that the amount of labeled 3-P-glycerate in these mutants was slightly lower than that found in the wild type (Table  1) Although the precise mechanism by which the loss of serine-glyoxylate aminotransferase activity renders the mutants inviable is not known, it is almost certainly contingent on RuP2 oxygenase activity. The sat mutants reported here, as well as the pcoA mutant and several additional as yet uncharacterized mutants reported previously (8) , thus provide a powerful genetic tool for direct selection of mutations that reduce RuP2 oxygenase activity and photorespiration. In principle, this may be accomplished by selecting for second-site revertants of the photorespiration mutants that survive in air because they no longer oxygenate RuP2. Preliminary analysis of 7 revertants of the sat mutant strain CS51 (Table 2) , and 40 revertants of the pcoA mutant (unpublished), indicates that the only revertants recovered thus far are those in which the activity of the deficient enzyme has been restored. The absence of any additional types of revertants suggests that there are few other mechanisms of reversion, and that the selection procedure described here is specific for photorespiratory characteristics.
The availability of mutants with defects in different enzymes of the photorespiratory pathway permits the construction of double mutants, such as a pcoA sat line. The reversion frequency of such a double mutant to pcoA + sat + is expected to be on the order of 1 X 10-9 at the level of mutagenesis used in these studies. The double mutant should therefore effectively eliminate the possibility of reversion by any mechanism other than reduction or loss of RuP2 oxygenase activity.
